The paper focuses on hot cracking susceptibility analysis and a post-processor for a computational weld mechanics (CWM) 
INTRODUCTION
Three types of hot-cracking can occur in welds [2] . Solidification cracking occurs in the late stage of solidification, when a tensile stress-strain pulls the dendrites apart. Liquation cracking occurs when a solid grain boundary melts because of segregation has lowered melting point and c a tensile stress-strain pulls the dendrites apart. Ductility Dip Cracking occurs at lower temperatures with no melting but with the grain boundaries embrittled. Hot cracking requires 4 conditions to occur; 1) cooling thermal profile; 2) temperature in the Brittleness Temperature Range (BTR) range; 3) a strain rate grater than a certain rate to initiate the crack; and 4) tensile stress / strain to grow the crack. Figure 1 presents the hot cracking susceptibility region. The temperature between the solidus and liquidus is considered as BTR, and CST (Critical Strain Rate) is the critical strain rate such that the hot cracking is susceptible for higher rates. This can be related to the standard definition of strain rate as Eq. 1 [3] and [4] .
The solidus line cannot characterize a material's brittleness temperature range in actual applications. The BTR can be defined experimentally by techniques such as MISO presented by Matsuda et al. to plot ductility curves in [5] and [6] . Fig 2 shows the ductility curves for some stainless steels taken from [6] .
FIGURE 1. STRAIN APPROACH TO DEFINE HOT CRACKING SUSCEPTIBILITY REGION
FIGURE 2. DUCTILITY CURVES FOR SOME STAINLESS STEELS [6] .
Zacharia [1] used the tensile stress envelope and the BTR to define the hot crack susceptibility region. He assumed an intersection between tensile envelope and the BTR can cause a hot crack as presented in figure 3 .
A post processor is developed and used in this paper to checks the 4 conditions for hot cracking occurrence over all gauss points' results to find the intersection. The intersection shows the hot crack susceptibility region (might be empty).
COMPUTATIONAL SETUP
The full computational model that includes thermal and stress analysis are analyzed by VrWeld software [7] . The details of the model setup for transient thermal and stress analysis are described below. The test is taken from [1] that is a 50 × 25 × 0.25 mm 316 stainless steel sheet metal with chemical composition C 0.018, Ni 12.16, Cr 17.04, Mo 1.98, Mn 1.70, Si 0.34, Cu 0.05, N 0.047, P 0.032, S 0.010 Wt %. There is a jig that applies a transverse stress and modeled numerically as pressure BCs on side edges. The mesh employed shown in Fig.  4 , has 4,600 8-node brick elements and 7,171 nodes. Red and green show positive X and Z direction, and the camera view is taken from negative Y direction. There is one element through the thickness and the weld path is in the mid-width along the Z from the Z-negative to Z-positive edge.
Temperature dependent material properties were employed in the analysis. The gas tungsten arc weld was made along the specimen centerline. The welding parameters are given in Table  1 . Operating voltage was not in [1] and the voltage of 10 V gives a closer weld width (around 2 mm). The analysis in [1] was done until the weld traveled 30 mm from the starting edge. The results were reported for the weld pool at this location of weld. Therefore our analysis stops when the weld reaches the same location. The total analysis has 61 time steps of welding with no cooling, similar to the test in [1] . where h is the specific enthalpy, the super imposed dot denotes the derivative wrt to time, κ is the thermal conductivity, T is the temperature, and Q is the power per unit volume or the power density distribution. The transient heat equation was solved with a Lagrangian finite element method [8] . The initial temperature was 300 • K. The power density distribution function Q [w/m 3 ], the 'Double Ellipsoid' heat source model [9] , was used (see Fig. 5 ). Table 2 shows the parameters assumed in thermal simulation. A convection boundary condition generated a boundary flux q [w/m 2 ] on all external surfaces. This flux is computed from Eq. 3 with ambient temperature of T ambient = 300 • K and convection coefficient as a function of temperature given in Eq. 4 extracted from [10] by interpolation of experimental data.
(b) COMPUTED RESULT. The time step length while welding was chosen so that in two time steps the heat source was required to travel one element along the weld path. The CPU time on a single core 3.3 Ghz Intel was 37 seconds for the thermal analysis. Fig. 6 compares the thermal result taken from [1] and computed respectively.
Stress analysis setup
Given the density ρ, the elasticity tensor as a 6 × 6 matrix, the body force b and the Green-Lagrange strain ε, VrWeld solves the conservation of momentum equation that can be written in the form of Eq. 6 in which inertial forces, ρẍ, are ignored. 
VrWeld solves this partial differential equation for a viscothermo-elasto-plastic stress-strain relationship using theory and algorithms developed by J. C. Simo and his colleagues [11] . The initial state is assumed to be stress free. However, if the initial stress state was known, it could be initialized in VrWeld.
XYZ directions are defined as transverse, normal and longitudinal to weld and boundary conditions are rigid body fixities and pressure on XY side surfaces. The rigid body fixed XY mid-plane (on weld path) by zero X Dirichlet displacement on 3 nodes, weld path line by zero X and Y Dirichlet displacement, and the weld start point on the weld path by zero X, Y and Z displacement.
Zacharia [1] applied 172 MPa stress on the side surfaces and the stress distribution from his work shown in Fig. 7 . This is a snapshot taken for the time that the weld is 30 mm distance from the start. Fig. 8 shows the computed stress distribution from our setup when a 172 MPa stress has been applied. Fig. 9 shows the 0 and 310 MPa stress contours and Fig. 10 shows the 0 and 160 MPa stress contours for comparison with the Fig. 7 .
TRANSVERSE TRACTION SAMPLING
Zacharia [1] applied a tensile traction on side surfaces of the sheet metal as a Neumann BC. This BC was active for the full range of time steps.
In our analysis, four values of traction are sampled to study the effect of a transverse tensile stress on hot cracking. The tractions and corresponding forces applied to the side surfaces are given in Table 3 . Table 4 gives 7 different powers and speeds analyzed for a constant power per unit length. Using these powers and speeds with fixed double ellipsoid parameters generates different maximum temperatures in the weld pool model as shown in Fig.  11 (a). Therefore the double ellipsoid parameters should be adjusted for a given maximum. We assumed a maximum of 2,351 K that is about 550 above the melting point of stainless steel, and adjusted the double ellipsoid parameters as given in Table 5 . Fig.  11 (b) shows the thermal profile after the adjustment. The process of adjustment is described in following section. 
POWER PER UNIT LENGTH SAMPLING

DOUBLE ELLIPSOID ADJUSTMENT
The number of FEM nodes in the double ellipsoid can be simplified by picking nodes in a box with dimensions a 1 + a 2 , b, and c, i. e., double ellipsoid shape parameters. This box has more node than real double ellipsoid but does not change the double ellipsoid adjustment because the box and real double ellipsoid are both characterized with the same a 1 , a 2 , b, and c that are adjustment parameters. Since the sheet is thin and there is one element through the thickness, we assumed that c, depth, is constant 0.001 m. Eq. 6 gives the number of nodes, i. e., nodes on top surface of the box, where F, R, D are the number of nodes in front, rear, width of the arc position.
The reference project used a 2 = 0.001 m, a 2 = 0.004 m, b= 0.001 m, and c= 0.001 m that gives F, R, and D equal to 2, 8, and 2 nodes respectively. Since the element size is 0.005 m around the weld path, one node will be added/removed for every 0.005 m increase/decrease in double ellipsoid shape parameters. Assuming a variation given in Table 6 to the references F, R, and D, the DOE-matrix of all combinations for such variation is given in Table 7 . Row number 14 is values of the reference project and the total node is obtain by Eq. 6. There exist 13 rows with greater total umber of nodes than the reference denoted by H, and 13 rows with fewer total umber of nodes than the reference denoted by L. Project number 5 in Table 4 , i. e., Temp-5 in Fig. 11(a) , has the peak temperature of 2351 K. Fig. 11(a) shows that Temp-1, Temp-2, Temp-3, and Temp-4 has peak temperature above 2351 K and Temp-6, Temp-7 has peak temperature below 2351 K. Adding more nodes to the double ellipsoid reduces the peak temperature and removing nodes increases the peak temperature. Rows denoted by H in the DOE-matrix given in Table 7 adds nodes and decreases the peak temperature. For the same reason, rows denoted by L in the DOE-matrix given in Table 7 removes nodes and increases the peak temperature. Therefore, 13 H-denoted rows applied to the projects; 1, 2, 3, and 4 to reduce the peak temperature and 13 L-denoted rows applied to the projects; 6 and 7 to elevate the peak temperature. Fig. 12 , 13, 14, and 15 show the thermal results for the 13 H-denoted rows applied to the projects; 1, 2, 3, and 4 respectively. These thermal profiles are plotted for a normal line to the weld path from one side of the weld to the other side. The horizontal red line is the objective temperature 2351 K. Fig. 12 shows that non of the 13 rows can drops the peak temperature in a certain tolerance of 2351 K and we need to add more nodes to the double ellipsoid for further decrease in peak temperature. Fig. 13 shows that the rows H1 is in a certain tolerance of horizontal 2351 K line with peak temperature of 2368 and therefore the decision for the project 2, Tableppul, is to pick the double ellipsoid from row H1 in Table 7 . Fig. 14 shows that the rows THE 13 H-DENOTED  ROWS, TABLE 7, APPLIED TO THE PROJECT 2, TABLE 4. H3 is in a certain tolerance of horizontal 2351 K line with peak temperature of 2338 and therefore the decision for the project 3, Tableppul, is to pick the double ellipsoid from row H3 in Table  7 . Fig. 15 shows that the rows H8 is in a certain tolerance of horizontal 2351 K line with peak temperature of 2331 and therefore the decision for the project 4, Table 4 , is to pick the double ellipsoid from row H8 in Table 7 . Fig. 16 and 17 show the thermal results for the 13 L-denoted rows applied to the projects; 6 and 7 respectively. Fig. 16 shows that the rows L12 is in a certain tolerance of horizontal 2351 K line with peak temperature of 2358 and therefore the decision for the project 6, Tableppul, is to pick the double ellipsoid from row L12 in Table 7 . Fig. 17 shows that none of the 13 rows can elevates the peak temperature to a certain tolerance of 2351 K and we need to remove more nodes from the double ellipsoid for further increase in peak temperature.
For project 1 and 7, we need another iteration of variation in the number of nodes in the double ellipsoid such that more nodes to be added to the project 1 and some nodes to be removed from project 7. Therefore, the first variation given in Tablevar, THE 13 H-DENOTED  ROWS, TABLE 7, APPLIED TO THE PROJECT 4, TABLE 4. has been changed to the Table 8 and Table 9 for project 1 and 7 respectively.
For project 1 and 7, we need another iteration of variation in the number of nodes in the double ellipsoid such that more nodes to be added to the project 1 and some nodes to be removed from project 7. Therefore, the first variation given in Tablevar, has been changed to the Table 8 and Table 9 for project 1 and 7 respectively. The new variations for project 1 generates the DOE-matrix given in Table 10 . This DOE-matrix has 13 rows that picked from all combinations such that the Eq. 6 has a value higher than 55, i. e., reference project. Since the number of nodes could not be zero in one of the dimensions, a minimum size of 0.0002 m is assumed for double ellipsoid parameters to have at least one. The new variations for project 7 generates the DOE-matrix given in Table 11 . This DOE-matrix has 13 rows that are picked from all combinations such that the Eq. 6 has a value less than 55, i. e., reference project. Fig. 18 shows the thermal results for the 13 H1-denoted rows in Table 10 applied to the project 1. The rows H1-4 is in a certain tolerance of horizontal 2351 K line with peak temperature , TABLE 7, APPLIED TO THE PROJECT 7, TABLE 4. of 2346 and therefore the decision for the project 1, Tableppul, is to pick the double ellipsoid from row H1-4 in Table 10 . Fig. 19 shows the thermal results for the 13 L7-denoted rows in Table 11 applied to the project 7. The rows L7-12 is in a certain tolerance of horizontal 2351 K line with peak temperature of 2357 and therefore the decision for the project 7, Tableppul, is to pick the double ellipsoid from row L7-12 in Table 11 .
The adjusted double ellipsoid size for the 7 powers and speeds of this analysis are given in Table 5 and the thermal profile is shown in Fig. 11(b) . For this adjustment, 9 DOE-matrices with 13 projects for each one are implemented. A thermal run on a single core, 3.3 GHz Intel, takes 37 seconds. Each DOEmatrix takes 148 seconds using 4 cores. The DOE-matrices implemented by Multi-project mode of VrWeld that automates the implementation of a DOE-matrix as a single run utilizing the available cores. This mode saves the user time to setup the projects given in DOE-matrices that is significant save. For example, a total of 117 projects has analyzed for this adjustment. A manual implementation of 117 projects with change in 4 parameters of double ellipsoid size takes weeks for user to setup THERMAL RESULTS FOR THE 13 L7-DENOTED  ROWS, TABLE 11, APPLIED TO THE PROJECT 7, TABLE 4. the projects. The automation needs few minutes of user time for each DOE-matrix (not each project). Therefore the user time is only for design 9 DOE-matrices, i.e., an Excel file with 13 rows and 4 columns, and decision making from the results of each DOE-matrix.
HOT CRACK SENSITIVITY ANALYSES
A 7D design space is assumed including tensile traction, welding power, welding speed, and 4 double ellipsoid shape parameters. The welding power and welding speed are constrained to keep the power per unit length constant that results in a pair of power-speed satisfying the constraint. For a given power-speed pair, a control problem was solved in the subspace of 4 double ellipsoid shape parameters to keep maximum temperature in the double ellipsoid model in certain level for all pairs. The 7 settings of power, speed, double ellipsoid parameters are given in Table 4 . These 7 settings and 4 values for the tensile tractions, Table 3 , are selected to define a sampling grid on the design space. This sample space has 28 design points that comes from all combinations between the 4 tractions and 7 settings of speed-power-doubleellipsoid. Writing the 28 analyses with 7 parameters each in the form of a matrix is formally equivalant to a DOE-matrix with 28 rows and 7 columns.
Solving 28 settings in such DOE-matrix maps the design points to the state space of our problem. We require a function on the state space to reflect the behavior of interest and be easy for interpretation. For this hot cracking project, a transverse stress component profile along the weld path could be a good function. Nodes behind the weld pool on weld path are very likely for hot cracking because they are experience a cooling thermal profile while under tensile stress. Therefore we plotted X/transverse component of stress on the weld path from the weld's start point to the other side of the sheet.
The plots legends have 2 numbers; the first one from left shows the row number from Table 4 for one of the 7 settings of speed-power-double-ellipsoid, and the second number from left shows the row number from Table 3 for one of the 4 tensile traction on the sheet side surfaces. 
DISCUSSION
The length of the tensile stress region behind the weld on the weld path can characterize the tensile region. Fig. 20 to 23 shows that for given traction, increasing the welding speed (with a constant power per unit length) reduces the length of tensile region and therefore reduces the size of the hot cracking region. Fig.  24 to 30 shows that for a given welding speed (with a constant power per unit length), the higher transverse tensile traction in- creases the length of tensile region alone and therefore expands the size of the hot cracking region. The length of the tensile region cannot characterized the hot cracking susceptible region because it has no information about the BTR.
A stress-vs-temperature plot for nodes on the weld path and behind the weld, can be used to show the transverse tensile stress that lies in the BTR. Although it looses the information about the size and location of hot crack susceptible region, it monitors a criteria to compare the probability of hot cracking in the susceptible region. Fig. 11(b) gives the thermal data, and Fig. 20 to 30 give the stress data for different settings. A post processor is used to generate the stress-vs-temperature plots. Fig. 31 compares the stress-vs-temperature curves for the best setting, i.e., the fastest welding speed with zero traction, and the worst setting, i.e., the slowest welding speed with highest traction. Fig. 32 and 33 show the effect of welding speed and traction on the length of tensile stress region behind the weld on the weld path.
For discussion purposes, assuming a BTR range [1000, TABLE 4. 1700] , Fig 34 to 39 show the 3Dvisualization of the Gauss points the satisfy the hot cracking conditions for the project 1-1, 1-4, 4-1, 4-4, 7-1, and 7-4 respectively. The radius of the spheres shows the magnitude of the stress. The triad shows the weld pool center, the z direction (green) is along the weld path, and weld moves in -z direction. For such selected susceptible regions, the possibility of cracking differers in each Gauss points because the experience different level of stress and temperature. For simplicity, assume that the probability of cracking for each Gauss point is not very sensitive to the nodal temperature value that is in the BTR. In other words, as long as the temperature is in BTR, the stress level that each Gauss point experienced, is the dominant factor to define the probability of the crack for that Gauss point. Therefore the sphere radius in the Fig 34 to 39 can characterize a probability of cracking for each Gauss point. In Fig 34 the susceptible region is large but there is a low probability for the Gauss points along the weld path to crack. This can be seen on the stress-vs-temperature plot in Fig. 31 that project 1-1 starts experiencing tension at temperature about 1100 K and the level of tension increases to about 50 MPa at 1000 K, i.e., lower bound of the BTR. However in 3D visualization (Fig 34) there exist few big spheres on both sides of the susceptible region that shows a high probability of hot cracking not on the weld path but on the sides of the weld path. In Fig 39 the susceptible region is small but there is higher probability for the Gauss points in this region to crack in comparison to the Fig 34. This also can be seen on the stress-vs-temperature plot in Fig. 31 that project 7-4 experiences higher tension at each temperature in compare to project 1-1. Comparing the 3D visualization of Fig 34 and Fig 39, susceptible region is smaller in project 7-4 but the probability of the cracking is higher in this small region than project 1-1. The susceptible region is larger in project 1-1 but most of the Gauss points are not very likely to crack. There exist few Gauss points on the sides of the weld path that might crack with higher probability of cracking than the Gauss points in project 7-4. The 3D results show the almost no-susceptible region for project 7-1. In the author's opinion, such 3D transient post processor is a reliable way to judge about the susceptibility of hot cracking from a computational analysis. Assuming the BTR for 316 from [1] , i.e., [1200, 1400] K, the slow weld does hot crack and the fast weld does not hot crack. Post processing thermal and stress data over all Gauss points generates a 3D field of hot crack susceptibility for every time steps. The post processor checks the conditions for hot cracking; 1) cooling thermal profile 2) temperature in the BTR, [1200, 1400] K in this case, and 3) tensile stress envelope, over all Gauss points. Fig. 40 and 41 shows 3D visualization of the Gauss points that satisfy the hot cracking conditions for BTR [1200, 1400] for the worst case, i.e., slowest weld with highest traction. Such field is empty for the best setting, i.e., fastest welding with zero traction.
CONCLUSION
Given a CWM framework that can automate the implementation of great number of analyses, then control, optimization, and sensitivity analyses can be implemented for CWM problems. Post-processor algorithms that use the transient 3D thermal and stress data to identify the 3D transient hot crack susceptible region in a welded structure.
The sensitivity analysis of hot crack susceptibility on the specimen taken from [1] , required 9 DOE-matrices with 13 analyses each to control the 4 double ellipsoid shape parameters for different speeds, and required 4 DOE-matrices with 7 analyses each for the sensitivity analyses wrt traction and welding speed. One author created a base project comparable to the test done in [1] . Another author used the base project and implemented the control and sensitivity analyses with time spent only for DOEmatrix design and almost no time for setup.
A hot cracking algorithm used the 3D transient thermal and stress data over all Gauss points for crack susceptibility. For each Gauss point in the domain the hot cracking algorithm checks if the temperature is cooling, lies in the BTR range, and the transverse stress is tensile. Such post processor is a reliable way to judge about the susceptibility of hot cracking from a computational analysis.
For BTR in [1200, 1400] K, the sensitivity analyses shows that increasing the tensile traction transverse to the weld path and reducing the weld speed increase the chance of hot cracking. A tensile-stress-vs-temperature along the weld path and behind the weld is used to monitor the hot crack susceptibility. Comparing the results shows that increasing the welding speed at constant power per unit length can reduce the risk of hot cracking.
